In an attempt to investigate the relationship between exposure to carbon black and respiratory morbidity, a study of the complete carbon black manufacturing industry in Western Europe was commissioned. As part of this study, a large number of personal inhalable n 8015 dust exposure measurements was taken during three phases of data collection between 1987 and 1995. Repeated measurements on the same worker were taken in the last two phases, which enabled the estimation of the within-and between-worker components of variance. Simultaneously, the ®xed eects of phase and factory were estimated using mixed-eects analysis of variance.
INTRODUCTION
Carbon black is a very ®ne powdered form of almost pure elemental carbon, manufactured by the controlled vapour phase pyrolysis of mainly liquid hydrocarbons (Gardiner, 1995) . The more recent literature suggests that inhalation of carbon black may be associated with certain measures of respirat-ory morbidity (Crosbie, 1986; Robertson et al., 1988; Gardiner et al., 1993; Szozda, 1994 Szozda, , 1996 KuÈ pper et al., 1996a, b) . In addition, IARC recently classi®ed carbon black as a possible human carcinogen (Group 2B) (IARC, 1996) .
In an attempt to investigate more thoroughly the relationship between exposure to carbon black and respiratory health eects, a study was commissioned in 1987 in the Western European carbon black manufacturing industry. This study was designed as a number of cross-sectional studies, with measures of respiratory morbidity (respiratory symptoms, lung function and chest radiographs) being taken concurrently with measures of personal dust exposure (Gardiner et al., 1992a (Gardiner et al., , b, 1993 (Gardiner et al., , 1996 .
In each phase, personal inhalable and respirable dust exposure was measured on a random selection of the workforce in each of the factories, although only that for inhalable dust is included in this text as no occupational exposure limits (OEL) exist yet for the respirable fraction. In Phase II and Phase III, repeated measurements were taken on the same workers, enabling the estimation of the within-and between-worker components of variance (Kromhout et al., 1987 . The use of the within-and between-worker variance components in occupational exposure data has recently been proposed for establishing the most appropriate way of classifying workers for epidemiological studies (Kromhout and Heederik, 1995; Kromhout et al., 1996 Kromhout et al., , 1997 Tielemans et al., 1997; van Tongeren et al., 1997 van Tongeren et al., , 1999 . Furthermore, in order to compare the exposure with an OEL, one needs to take into account these variance components, as it has become clear that the between-worker component of variance can be large, even within so-called homogeneous exposure groups . If the between-worker variance component is large, it is possible that the long-term mean exposure of certain individuals within this group can exceed the OEL, even when the group mean exposure is well below this limit. Recently, methods for estimation and inference about the probability that a long-term mean exposure of an individual exceeds a limit (overexposure) have been published (Rappaport et al., 1995; Lyles et al., 1997; Tornero-Velez et al., 1997) .
This paper ®rst describes the trend of exposure to inhalable dust over time by using mixed-eects analysis of variance. Using this method, the ®xed eects due to changes in exposure over time and systematic dierences in exposure between factories can be estimated simultaneously with random eects (within-and between-worker variance components) (Symanski et al., 1996) . Next, the eect of possible trends in exposure on the probability of overexposure and exceedance will be estimated for an exposure limit of 3.5 mg m À3 , the OEL for carbon black in all but one European country (ILO, 1991) .
METHODS AND MATERIALS
Exposure to inhalable dust was measured during three sampling periods (Phase I: September 1987± April 1989 Phase II: May 1991±April 1992 Phase III: April 1994±June 1995 . In Phase I of the study, 18 factories in seven European countries (two in the United Kingdom, three in France, two in The Netherlands, three in Italy, ®ve in Germany, two in Spain and one in Sweden) participated with a total population (N p ) of 2897 workers. In Phase II, one factory in Spain was added to the study, although the total population decreased to 2786 workers. Prior to Phase III, two factories in Germany closed down, whilst the newly joined factory in Spain ceased production half-way through the data collection period. The resultant total population in Phase III was therefore reduced to 2394 workers. The exposure measurements collected from the Spanish factory, prior to its closure, are included in this paper.
Prior to the exposure measurements, all workers were categorised into 14 job titles, which were amalgamated into eight job categories (Table 1) . In each phase, workers from each job title in each factory were selected randomly for personal monitoring. The total number of measurements was increased greatly from Phase I to Phase III due to a desire to obtain greater precision for the exposure estimates. Also, repeat measurements on the same worker were collected at random intervals throughout the data collection period to allow the estimation of the within-and between-worker variance components.
As the measurements were going to be carried out by the factory personnel, an extensive training manual was written and distributed to the factories. In addition, an initial two-day training course, with refreshers after the initial phase, was organised. Lists of randomised identi®cation numbers were sent to the factories dictating the order in which measurements were to be taken. Shortly after the start of each data collection phase, factory visits were carried out by researchers from the Institute of Occupational Health (University of Birmingham) to ensure that sampling was carried out in a correct and uniform manner.
Inhalable dust measurements were taken using the IOM sampling head (Mark and Vincent, 1986) with a¯ow-rate of 2.0 l. min À1 . Pre-weighed ®lters were sent to the factories and, after sampling, these were returned to the research centre. Following conditioning in the weighing room for at least 24 h, the dust load on the ®lters was determined using a calibrated Cahn 25 Automatic Electrobalance. It was decided not to weigh the whole cassette, which is the standard method to measure inhalable dust (Mark and Vincent, 1986) , as it appeared that the outside of many of the cassettes was contaminated. The increase in weight of the cassette would therefore not necessarily represent the total amount of dust in the cassette. In addition, a study by Smith et al. (1998) found that cassettes made of plastic showed considerable mass instability owing to changes in humidity, although for stainless steel cassettes this problem was negligible.
The limit of detection was established using data from a study investigating the weight loss in transit of ®lters loaded with carbon black dust (van Tongeren et al., 1994) . As part of this study, 60 control ®lters were sent through the post to a number of carbon black factories and returned to the IOH. The limit of detection was determined by taking the 97.5th percentile of the distribution of the weight gain of the control ®lters (0.025 mg).
The Mixed procedure in SAS for Windows (version 6.12) (SAS Institute, Cary, NC, USA) was used to examine the within-and between-worker variance components and to test if statistically sig-ni®cant dierences in exposure occurred between factories and phases. The following model was used to describe the data for each job category separately:
for phase ( g ) equal to 1, 2 or 3; for factory (h ) equal to 1±19; for i 1, 2, F F F, k gh workers in the gth phase in the hth factory; and for j 1, 2, F F F, n ghi measurements of the ith worker in the gth phase and the hth factory. In this model, m y represents the true underlying mean of log-transformed exposure, averaged over all phases and factories, that is
where m y,gh is the mean of log-transformed exposure for the hth factory in the gth phase m y,gh m y a g b h ; a g represents the ®xed eect of the gth phase; b h represents the ®xed eect of the hth factory; w gh(i ) represents the random eect of the ith worker; and e gh(ij ) represents the random within-worker variation. It is assumed that 3 g1 a g 0 and 19 h1 b h 0; that w gh(i ) and e gh(ij ) are normally distributed with means equal to zero and variances of s 2 B,gh and s 2 W,gh , respectively, representing the between-and within-worker variance components; and that the random worker (w gh(i ) ) and day (e gh(ij ) ) eects are statistically independent. In these analyses, s 2 B,gh and s 2 W,gh were kept ®xed across all phases and factories.
The probabilities of`exceedance' (g gh ) and`overexposure' (y gh ) within each job category were calculated for each phase and factory using Eqs (2) and (3) (Tornero-Velez et al., 1997) :
where F{t } denotes the probability that a standard normal variate falls below the value (Rappaport et al., 1995; Lyles et al., 1997; Tornero-Velez et al., 1997) . Here, m x,gh(i ) represents the mean exposure of the ith worker in the gth phase and the hth factory m x,ghi expm y,ghi 0X5s 2 y,gh , with m y,ghi m y,gh w ghi ]. The probability of`exceedance' (g gh ) is the likelihood that a single measurement for a randomly selected worker on a randomly selected day is greater than the OEL. Overexposure' (y gh ) is de®ned as the probability that the long-term mean exposure of a randomly selected worker in the gth phase and hth factory is greater than the OEL.
RESULTS
In total, 8015 acceptable personal inhalable dust exposure measurements (N Phase I : 1316; N Phase II : 3454; and N Phase III : 3245) were collected from 2781 workers. For 1238 workers, measurements were only available in one phase, whilst for 1018 workers data were available from two phases and 525 workers participated in all three phases. Average inhalable dust exposure (directly calculated using the exposure data, not through applying the mixedeects model) dropped from 1.3 mg m À3 in Phase I to 0.8 mg m À3 in Phase II and 0.7 mg m À3 in Phase III. The number of measurements for which the increase in the ®lter weight was below the limit of Table 2 gives the estimated within-and betweenworker components of variance for the models with no ®xed eects and for the models with phase and/ or factory as ®xed eects. Compared to the models with no ®xed eects, the within-worker components of variance were somewhat reduced when phase was included as a ®xed eect. The between-worker eect either increased or remained more or less the same after including phase in the model. When factory was included as the only ®xed eect the between-worker variance was greatly reduced, especially for job category 4 (`Process foreman/ Furnace operator'), 6 (`Process/Conveyor operator') and 8 (`Site crew'). Only for the`Fitter/Welder' (job category 5) did the introduction of factory as a ®xed eect have relatively little eect, indicating that exposure for this job category was relatively stable across the industry. As expected, the withinworker variance was not aected by including factory as a ®xed eect in the model.
The total variance in exposure was reduced by 4± 30% when only factory was included as a ®xed variable. Including both phase and factory as ®xed eects reduced the total amount of variance in the exposure data by 9±33%, whilst also including the interaction term reduced the total variance by 12± 33%.
The ®xed eects of phase and factory were statistically signi®cant for each job category. In addition, with the exception of`Process foreman/ Conveyor operator' P 0X07 and for`Site crew' P 0X18), the interaction between phase and factory was statistically signi®cant for all job categories. This indicates that the reduction in exposure since Phase I had not been equal across the factories. However, in order to reduce the number of factors in the analyses, this interaction term was not considered in the analyses described below.
Exposure has dropped signi®cantly since Phase I, with the biggest drop in exposure occurring between Phase I and Phase II (Table 3) . Table 3 shows the ®xed phase eects (a ) by job category, pooled across factory. The anti-log of this value gives the ratio of the GMs of Phase I and Phase III or of the GMs of Phase II and Phase III. Thus, after taking into account the ®xed factory eect, the ratios of the GM for Phase I and Phase III ranged from 1.6 [exp(0.479)] for the`Administrative sta' (job category 1) to 2.7 [exp(0.989)] for the`Site crew'. The geometric mean (GM) exposure for the`Warehouseman' dropped from 1.5 mg m À3 in Phase I to 0.7 mg m À3 in Phase II, whereas it only reduced a further 0.1 mg m À3 to 0.6 mg m À3 in Phase III. For thè Site crew' the GM reduced from 1.2 mg m À3 in Phase I to 0.5 mg m À3 and 0.4 mg m À3 , in Phase II and Phase III, respectively. It is also clear from Table 3 that the biggest drop in exposure occurred between Phase I and Phase II for all job categories, except the`Administrative sta'.
Taking into account the numbers of workers in each job category in each factory it was possible to calculate the probabilities of overexposure and exceedance for each job category across the whole industry. As expected, the levels of exposure and the probabilities of overexposure and exceedance of the OEL were highest among thè Warehouseman' and the`Site crew'. These workers are more likely to come into direct contact with signi®cant quantities of carbon black on a routine basis compared to other job categories, as there main activities involve packing of the product and cleaning-up of carbon black spills, respectively. In Phase I, the probability of overexposure with an OEL of 3.5 mg m À3 was 14% for all the`Welder/Fitter' across all factories, 42% for the`Warehouseman' and 21% for all`Site crew'. The probability of exceedance for these job categories was 16, 29 and 21%, respectively (Table 3) . These probabilities dropped considerably after Phase I, and in Phase III the probabilities of overexposure for the`Warehouseman' and`Site crew' were 4 and 10%, respectively, whilst the probabilities of exceedance were 9 and 10%, respectively.
However, as factory did have a statistically sig-ni®cant eect on exposure for all job categories, the probabilities of overexposure and exceedance should be assessed for each factory separately. As an illustration, Table 4 provides the results for thè Warehouseman', for each phase and each factory. It is clear that, for the`Warehouseman', large dierences in exposure levels exist between the factories, with, in the ®rst phase, GMs ranging from 0.2 mg m À3 in factory 7 to 3.3 mg m À3 in factory 1. However, the number of measurements was very low for some factories, especially in Phase I. In fact, for factory 7 only 15 measurements were carried out in total for job category`Warehouseman', thereby limiting the precision of the estimated exposure levels in this factory.
When calculating the probabilities of overexposure and exceedance for the`Warehouseman', the estimated within-and between-worker variance components were assumed to be constant across the phases at 1.008 (within-worker variance) and 0.266 (between-worker variance) ( Table 2) . When considering an OEL of 3.5 mg m À3 , it is clear that the probability of overexposure has been reduced greatly since Phase I; although in Phase III there are four factories where this probability exceeds 5% and two (factories 1 and 9) where the probability exceeds 10%. Similarly, even though the probability of exceedance has dropped since Phase I, most factories still have probabilities of exceedance of an OEL of 3.5 mg m À3 of 5% or more, and ®ve factories have probabilities of exceedance in excess of 10%.
DISCUSSION
This paper describes the results of applying a mixed-eects model to inhalable dust exposure data collected during three separate phases in the carbon black manufacturing industry in Western Europe. Inhalable dust exposure in this industry has dropped signi®cantly since the end of the 1980s, especially for the job categories`Warehouseman', Site crew' and the`Fitter/Welder'. Generally, the biggest drop in exposure occurred after Phase I, with the exception of the exposure for thè Administrative sta'. In addition to the eect of phase on the exposure levels, the results showed that factory had a strong and statistically signi®cant eect, as had the interaction term of factory and phase, with the exception of`Process/Conveyor operator' and`Site crew'. The latter indicates that the reduction in exposure levels was not equal Number of workers given in this column is larger than the total number of workers participating in the exposure study (as quoted in the text), as a number of workers have changed job during the study, and therefore can have multiple entries in this table.
c Mean ®xed eects of Phase I or Phase II on log-transformed exposure data (compared to Phase III) after taking into account the ®xed factory eect.
European carbon black manufacturing industry 275 I   II   III   I   II   III   I   II   III   I   II   III   1 across all factories. The ®t of the mixed-eects model was improved signi®cantly by inclusion of the ®xed eects compared to the model with no ®xed eects and was even further improved by the inclusion of an interaction term. The reduction of exposure had a signi®cant eect on the probabilities of overexposure and exceedance with an OEL of 3.5 mg m À3 .
For seven out of the eight job categories, the probability of overexposure and exceedance was less than 10% a level which was recommended by Rappaport et al. (1995) as the target fraction for the probability of overexposure. However, the probabilities of overexposure and exceedance were 10% for the job category`Site crew', which was mainly due to very high probabilities in two factories. In addition, as large dierences in exposure were found between the factories, the probabilities of overexposure and exceedance also greatly diered between the factories. For example, although the probability of overexposure for the job categorỳ Warehouseman' across the whole industry was 4%, the probability of overexposure exceeded 10% in two factories. The probability of exceedance was somewhat higher than the probability of overexposure in Phase III among the job categories, and exceeded (or was equal to) 10% for the`Fitter/ Welder' in one factory, for the`Warehouseman' in six factories and for the`Site crew' in three factories. For the job category`Warehouseman', the probability of overexposure ranged from 0 to 18% and the probability of exceedance from 5 to 19%. For some factories, most notably factories 7, 8 and 13, the number of measurements was very small. Therefore, the estimated ®xed eects for these factories are not very reliable and results should be interpreted with care.
When interpreting the reported probabilities of overexposure and exceedance, it is important to realise that these are only point estimates. A more thorough investigation of these probabilities involves the use of a Wald-type test (Rappaport et al., 1995; Lyles et al., 1997) , which takes into account the imprecision in the estimates of the variance components. A specially designed statistical programme (Vermeulen et al., 1998) was used to calculate the probability of overexposure for each job category in each factory in Phase II and Phase III separately. The results of these calculations showed that the number of times the null hypothesis (unacceptable exposure) could not be rejected occurred more frequently than the probabilities of overexposure in excess of 10% reported in this paper. For example, for the`Warehouseman', using this statistical programme, only for factory 13 in Phase II and factories 4, 5 and 12 in Phase III was the exposure acceptable.
In the analyses presented in this paper, the variance in exposure and its within-and between-worker components for the eight job categories were presumed ®xed across all phases and factories, although in reality it is likely that these do vary. A desire to keep the analyses relatively simple and lack of repeated measurements on the same workers in the ®rst phase necessitated this approach. When estimated separately for Phase II and Phase III the estimates of the within-and between-worker variance components were very similar for most job categories. However, when pooled across the phases, some considerable dierences in the variance components were found between factories, although these estimates were often based upon relatively small numbers of measurements.
The ®t of the mixed-eects models was determined by comparing the predicted geometric means, probabilities of overexposure (only Phases II and III) and exceedance (only Phases II and III) using the mixed-eects model with the observed GM and probabilities of overexposure and exceedance (calculated for each factory and job category combination separately). The predicted (with the mixedeects model) and observed geometric means were remarkably similar, with a correlation coecient of 0.95. The predicted and observed probabilities of overexposure and exceedance were less correlated (0.83 and 0.88, respectively). It is clear that, although the ®t of the mixed-eects model is reasonably good, there may still be a number of discrepancies and therefore it is advisable that the individual factories carry out a test of the probability of exceedance and/or overexposure in their various production areas.
For the calculations of the probability of exceedance and overexposure, the interaction eect between phase and factory was ignored. This interaction eect was statistically signi®cant for most job categories and indicates that the reduction of exposure between the phases was not equal across all factories. However, the reduction in the total variance after introducing this interaction term was minimal compared with the model with no interaction term, indicating that the interaction term did not have a strong eect.
It was also assumed that within each data collection phase, which lasted for about one year, the exposure remained stationary. coworkers (1994, 1996) showed that this assumption may be justi®ed, although in a separate analysis of the Phase III data, it was shown that season had a statistically signi®cant eect on the level of inhalable dust exposure . This may have caused the within-worker variance to be overestimated and thereby also the probability of exceedance and overexposure.
There has been some discussion in the literature regarding the use of estimating the probability of overexposure and the probability of exceedance in relation to occupational exposure standards (Hewett, 1998; Rappaport et al., 1998) . One of the main areas of contention is the philosophical bases of the occupational exposure limits in the USÐare they designed to control long-term average exposure or as an upper-limit for single-shift exposures? In the United Kingdom, the eight-hour TWA Occupational Exposure Limits are compared with single-shift exposure levels (HSE, 1999) . However, OELs are set at`F F F a concentration averaged over a reference period, at which there is no indication that the substance is likely to be injurious to employees if they are exposed by inhalation day after day to that concentration' (HSE, 1999) . Therefore, the philosophy in the UK is clearly to control long-term average exposure by use of eighthour TWA exposure limits. In addition, it has been argued that compliance testing of single-shift exposure levels with OELs forms a disincentive to collect large amounts of data, as the probability of ®nding a day during which exposure exceeds the OEL increases with increasing number of measurements (Rappaport, 1984; Tornero-Velez et al., 1997) . In addition, single-shift testing as proposed by Leidel et al. (1977) has been shown to be anticonservative compared to more rigorous statistical analyses using Bayesian parametric and non-parametric techniques (Symons et al., 1993) . Hewett (1998) criticised the use of the long-term average interpretation of the OELs, because it would increase the risk of occupational disease compared with a strategy where the long-term average exposure is indirectly controlled by limiting the fraction of single-shift measurements that exceed the OEL. However, Tornero-Velez et al. (1997) have shown that it cannot be assumed a priori that exceedance is a conservative surrogate for overexposure as the relationship between the probabilities of these depends on the within-and between-worker variance components. Furthermore, considering the fact that it has been shown that long-term exposure to carbon black may lead to chronic eects, such as respiratory symptoms, decrements in lung function, increased prevalence of small opacities (Gardiner, 1995) and possibly even cancer (IARC, 1996) , whilst no data are available that show an acute eect of exposure to carbon black, controlling longterm average exposure seems more relevant. For other substances, that are irritants, sensitisers or asphyxiants, calculating the probability of exceeding occupational exposure levels would be more appropriate. In addition, as EH40/99 (HSE, 1999) states, for substances with eight-hour TWA MELs this limit should not normally be exceeded, whilst for substances with a short-term MEL, this level should never be exceeded. Symanski et al. (1996) conducted investigations in trends in exposure in a large database of occupational exposure measurements in a variety of industries world-wide. In slightly more than one-third of the industries analysed, signi®cant changes in geometric mean exposure levels were detected. The interval between surveys ranged from 0.1 to 6 years, with the ratio of geometric means ranging from 1.9 to 9.2. Compared with these, the changes in exposure levels found in the carbon black industry in Western Europe since 1987 are relatively small. This does not mean that considerably larger changes in exposure have not occurred prior to 1987. In fact, a retrospective exposure assessment has been conducted in the two UK factories for a mortality study, which showed that exposure was estimated to be a factor 10±30 higher for ®tters, warehousemen and cleaners (non-oce) before 1975 (Sorahan et al., 2000) . Symanski et al. (1996) presented formulae that predict the bias in the point estimates of the withinand between-worker variance components, when ignoring the dierences in exposure between surveys for the situation when (a) all workers are participating in all surveys and (b) when dierent workers participate in each survey. In the former situation (a), ignoring the dierence in exposure between dierent surveys will result in a minor overestimation of the within-worker variance and an underestimation of the between-worker variance, whilst in the latter situation (b), only the between workervariance component is aected. In the results described here, ignoring the ®xed phase eect caused an increase in the within-worker variance component; however, with the exceptions of job category 5 (`Fitter/Welder') and 7 (`Warehouseman'), no decrease in the between-worker variance was observed. This could possibly be explained by the fact that the formulae given by Symanski et al. (1996) assume that each worker is participating in each survey (a) or that each survey contains a completely dierent set of workers (b). Here, only 525 out of 2781 workers participated in each phase, whilst for 1238 workers only data from one phase were available. Therefore, ignoring phase as a ®xed eect would increase the between-worker variance component, as some of the between-worker variance is due to systematic dierences in exposure between phase, thereby counteracting the predicted reduction in the between-worker variance component. When the analyses were only carried out on those 525 workers for whom data were available in all phases, the between-worker variance was considerably lower in the model with no ®xed eects, compared to those in Table 3 .
Including factory as a ®xed eect reduced the between-worker component of variance to a great extent, whilst the within-worker variance component remained more or less unchanged. This is due to the fact that, in this situation, worker is nested within factory, that is each worker contributes data to only one factory. It could furthermore be observed that after inclusion of the ®xed phase and factory eects the between-worker variance components for all job categories were similar to those found by Kromhout and Heederik (1995) in a large database of exposure data from various industries.
In summary, total inhalable dust exposure has decreased in the carbon black industry in Western Europe since 1987 and with this the probabilities of overexposure and exceedance. However, there are still some factories in Phase III where the probabilities of exceedance and/or overexposure are in excess of 10% for certain job categories. Exposure levels in these factories should be further reduced. If, in the near future, the occupational exposure limit is to be dropped, further eorts to reduce exposure in the carbon black manufacturing industry will be required. If, for example, a hypothetical OEL of 1 mg m À3 is considered, the probabilities of overexposure and exceedance are in excess of 10% in most factories for the production and warehouse departments and increased eorts would be required to reduce exposure.
